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THERMAL BEHAVIOR OF SPIRAL BEVEL GEARS

Robert F. Handschuh
National Aeronautics and Space Administration

Lewis Research Center
Cleveland, Ohio 44135

SUMMARY

An experimental and analytical study of the thermal behavior of spiral bevel gears is presented. Experi-
mental data were taken using thermocoupled test hardware and an infrared microscope. Many operational
parameters were varied to investigate their effects on the thermal behavior. The data taken were also used to
validate the boundary conditions applied to the analytical model. A finite element-based solution sequence was
developed. The three-dimensional model was developed based on the manufacturing process for these gears.
Contact between the meshing gears was found using tooth contact analysis to describe the location, curvatures,
orientations, and surface velocities. This information was then used in a three-dimensional Hertzian contact
analysis to predict contact ellipse size and maximum pressure. From these results, an estimate of the heat flux
magnitude and the location on the finite element model was made. The finite element model used time-averaged
boundary conditions to permit the solution to attain steady state in a computationally efficient manner. Then
time- and position-varying boundary conditions were applied to the model to analyze the cyclic heating and
cooling due to the gears meshing and transferring heat to the surroundings, respectively. The model was run in
this mode until the temperature behavior stabilized. The transient flash temperature on the surface was therefore
described. The analysis can be used to predict the overall expected thermal behavior of spiral bevel gears.

The experimental and analytical results were compared for this study and also with a limited number of
other studies. The experimental and analytical results attained in the current study were basically within
10 percent of each other for the cases compared. The experimental comparison was for bulk thermocouple
locations and data taken with an infrared microscope. The results of a limited number of other studies were
compared with those obtained herein and predicted the same basic behavior.




CHAPTER 1: BACKGROUND

1.1 Introduction

Geared systems have many modes of failure. Fatigue failure is typically thought of as being one of two types,
either bending or contact. These failure modes are the most fundamental ones considered during the design process.
Other types of gear failures usually occur at the surface level and are not dependent on the number of cycles a
member has accumulated. These failures fall in the following categories: abrasion, corrosion and scoring. Care-
ful use of fine filtration and the elimination of contaminates in the lubrication system can usually control abra-
sion and corrosion, respectively. However, scoring is attributed to the breakdown of the elastohydrodynamic
film that separates the contacting bodies and is linked to the thermal behavior of the gear system. Thus, scoring
is related to the operating conditions (speed and load), surface geometry, given design parameters, lubricant
properties, and the lubrication scheme of the components in question. When scoring occurs, the failure of the
component follows soon afterwards because the surface is damaged beyond useful limits. Altering even one of
the operating parameters can cause scoring, making surface failure imminent. For example, a geared system
design may be below a load capacity limit, but the alteration of one of the operational parameters can cause

scoring and imminent surface failure.

This is why load carrying capacity as a function of the operating environmental conditions for geared
systems has been one of the most important aspects of a given design. The operating conditions as described
above must be addressed during the design process.

When designing aerospace systems, further constraints are the requirements for light weight and high
reliability. Aerospace applications usually go beyond the state-of-the-art design limits for geared systems.

Accurately assessing the load capacity of geared systems has been addressed experimentally by using a standard
test fixture (Ref. [1.1]) where loading and speed could be precisely controlled for a given lubricant. While this
provided a bounded region of presumed safe operation for a particular design, the fundamental aspects of the
problem at hand were not being addressed. Also, these tests were conducted for parallel axis components and
not for spiral bevel gears where there are obvious geometric differences. Spiral bevel gears add an additional
complexity to the gear meshing process: although the teeth appear to have an involute profile, the surface geom-
etry is quite different and is a complex kinematic problem because there is no closed-form solution to describe
the profile coordinates. A numerical analysis must be conducted to determine the parameters that affect success-

ful operation.

Spiral bevel gears as used in aviation applications are shown in Figures 1.1.1 and 1.1.2 (Refs. [1.2] and
[1.3]). These gears are required to turn the corner from the horizontal engine(s) to the vertical rotor shaft and
are run at very high speeds and under heavy loads. In this environment, they are jet lubricated and operate in a
dry sump mode (i.e., the gears do not rotate through a lubricating bath as in an automotive rear axle application),
which permits the most efficient system operation because oil churning losses can be substantial. Systems as
described above are of the most concern for the study to be conducted.

1.2 Heat Generation in Gear Systems

Flash temperature theory has its roots in the work of Blok (Ref. [1.4]) and most other studies are based on
this work. In Reference [1.4], the heat flux for different situations was derived. The resultant heat flux between
moving bodies was described as the product of the coefficient of friction, applied pressure (load), and the relative

velocity between the bodies.




The flash temperature methodology was extended to spiral bevel gears by Coleman (Ref. [1.5]), whose
paper provides the basis for the flash temperature calculations used today during the spiral bevel gear design
process. Although the accuracy of the temperatures resulting from these calculations is unknown, it is still a
quick and simple method for a designer to vary design parameters and have a number to compare with past
success and failure.

Another detailed study of the flash temperature methodology and its comparison with experimental results
was done for spur gears by Tobe (Ref. [1.6]), whose experimental results, when compared with the flash tem-
perature calculation, indicated that the actual tooth loads instead of the static load produced better results.

Ku (Ref. [1.7]) used the work of Coleman (Ref. [1.5]) and developed a computer code to permit a quicker
calculation of the flash temperature. A limited amount of experimental data was also generated to check the
predictions. Many fundamental aspects, however, were still missing from the model used.

The most recent work addressing heat transfer in spiral bevel gears is Chao’s (Ref. [1.8]). In this pioneering
work, a finite element program was used to calculate the dynamics, film thickness, and expected temperatures in
spiral bevel gears. An influence coefficient, or more correctly a shape function analogy, was used to thermally
load the model on the basis of the distance from the contact point in question. This is a shortcoming that is
eliminated from the analysis conducted in the presently reported study.

1.3 Lubrication of Gears and Gear Scoring

Lubrication of Gears: In the present study, the lubricant effects are neglected. Other than the influence on
the friction coefficient (based on constitutive models) the effect of the oil film interaction with the contacting
bodies is neglected. However, a brief review of some research results with respect to gear lubrication will be
given. Many of the ideas from these studies can be extended to include the geometry of meshing spiral bevel
gears even though they are not addressed in this study. The majority of the experimental and analytical work on
Jubrication behavior in concentrated contacts has been done on configurations such as a sphere on a plane, a
cylindrical roller on a plane, or spur gears. An overview of some of these studies is now presented.

As a starting point, Coy (Ref. [1.9]) gave an excellent review of many important studies found in the open
literature and gave an assessment of the current state of the art with respect to gear lubrication. Some of the
early pioneering studies on gear lubrication are found in References [1.10] to [1.17].

Many gear systems, aerospace in particular, successfully operate in a region called boundary lubrication.
Boundary lubrication occurs when the asperity heights of the contacting bodies are of the same order as the
lubricant film. As Coy (Ref. [1.9]) pointed out, a chemical reaction between lubricant additives and the meshing
surfaces provides the mechanism for films this thin to perform successfully. Additive packages with the correct
compounds must be contained in the lubricant otherwise there will be premature wear and failure of the
meshing gear system.

Dowson (Ref. [1.18]) discussed the maturing of elastohydrodynamic (EHD) theory and its extension to
contacts of other engineering surfaces of interest. Important surface parameters and Iubricant interactions were
described.

In Bartz (Ref. {1.19]), EHD theory was applied to spur gears. This study looked at lubricants without
extreme pressure additives and explored the relationship between lubricant properties and the load capacity so
that scoring could be avoided.




Townsend (Ref. [1.20]) applied EHD theory to the design of helicopter drive system components. Many
important drive system design parameters and their effect on component life were discussed. The film thickness
of all components should be determined, according to Townsend, to reduce the risk of component failure due to

surface interaction.

Gu (Ref. [1.21]) performed a detailed analysis of the EHD problem on spur gears. The results of this study
indicated that using the pitch point for evaluating the film thickness and maximum contact pressure gave the
thinnest film and the highest contact pressure while the highest surface temperature was found at the tooth
extremes. For design purposes, calculations at these points will keep a given design conservative.

Another application of EHD theory to gear drives was discussed in Wellauer (Ref. [1.22]), who conducted a
comprehensive study. A graphical approach was presented to determine expected behavior based on gear geome-
try, speed, load, and lubricant parameters. Curves linking the probability of failure based on the A-ratio (defined
as the film thickness divided by a composite surface roughness) were presented. A large data base of surface
distress, scoring failures, was presented for pitch line velocities to 35 000 feet per minute.

The fundamental ideas just discussed were extended to helical gears in the analytical study of Simon
(Ref. [1.23]). A complete thermal EHD analysis of the helical gear mesh was accomplished. Many design
parameters were shown to increase the load capacity. Relative tooth curvature, face width, pitch line velocity,
and surface finish all affected the load capacity.

The last reference to be discussed in this section is Chao (Ref. [1.8]). The film thickness for spiral bevel
gears was assessed using the point contact solution of Hamrock (Ref. [1.24]). The film thickness variation with
respect to many variables was presented.

To summarize this section, the EHD behavior of gears is very complex. Many geometric hurdles need to be
overcome to access gear behavior. Once the geometry and other dependent variables are known, a constitutive
relationship (such as that given in Hamrock (Ref. [1.24]) permits an assessment of the lubrication regime in which
the given gear design will be required to operate. The film-thickness-to-surface-roughness ratio will determine
the lubricant type required. The key difference between actual gear applications and those of a sphere on a plane
is that geometry, relative velocities, and load are all dependent on the meshing location for a given design.

Gear Scoring: Scoring of components occurs when the load, speed, or lubrication conditions reach a level
at which the lubricant can no longer maintain a film between the interacting bodies. In the research reported
herein, no attempt was made to experimentally or analytically predict the scoring of the spiral bevel gears in
question. However, to provide a reference frame for the discussion of gear scoring, a short review of work done

in this area is presented.

Many researchers (Refs. [1.25] to [1.30]) used the pioneering work of Blok (Ref. [1.4]) to explain the data
generated on gear scoring based on gear kinematics, lubricant type, operating temperature, gear steel properties,
surface finish and heat treatment, or some combination of all these. These tests were conducted using gears and
cylindrical rollers. Gear tests were conducted on spur gears. The goal was to develop a factor or temperature
that could be used in a simple calculation to establish the limit of safe operation.

The work of Dudley (Ref. [1.31]) presents an excellent review of flash temperature/scoring index methods
to quickly analyze a gear system. This summary is the typical calculation procedure still being used by gear
designers. :

A complete summarization of the scoring behavior/flash temperature methods was presented in the late
1960’s in Blok (Ref. [1.32]), a historical perspective of studies that had transpired over the 30 years since his



earlier work (Ref. [1.4]). Many important aspects of the scoring behavior are described along with recommendations
for improving the analysis and interpretation of experimental results. One problem noted was the scatter in scoring
data. Some of the discrepancies in different sets of researchers’ data are related to different conditions during
testing. Blok commented that the scatter attained would be no different from that found in a pitting fatigue test.
Many suggestions also were given for future analytical modeling possibilities.

Research since the work of Blok has still been concerned with many of the parametric aspects of scoring.
The effects of the following parameters were studied: operating conditions (Ref. [1.33]), surface roughness
(Ref. [1.34)), film thickness (Ref. [1.35]), profile modification (Ref. [1.36]), lubricant jet position (Ref. [1.37]),
antiwear additives (Ref. [1.38]), molybdenum disulfide and other films (Ref. [1.39] and [1.40]), and asperity
interaction (Ref. [1.41]). Also, an assessment of scoring mechanisms (Ref. [1.42]) was made. Those papers
presenting experimental results had basically used cylindrical disks, four-ball testers, or spur gear test specimens
to conduct their studies.

The summary given herein on lubrication and scoring is to provide a sense of what has been analyzed and
the kind of experiments that have been conducted. Although scoring is not the subject of the current study, one
must not lose sight of the fact that parameters used in the analysis to follow or in the experiments conducted
could be set so that surface scoring could be approached numerically or experimentally.

When operating in the near boundary lubrication regime, as many aerospace drive system components do,
the friction coefficient can increase dramatically when, for example, the oil film breaks down. From an analytical
standpoint, this in turn produces additional heat and rapidly alters the "normal” cyclic behavior of the temperature
on the active profile. When this increasing rate of heat generation causes surface temperatures to reach a critical
value, the surface fails because the nominal heat rejection to ambient and the surrounding gear body is insufficient.

A scoring investigation from the experimental point of view can be approached using many of the param-
eters mentioned. Changes in one condition, such as speed (load held constant), can effect the experimental
behavior in a manner similar to the effect of friction mentioned above. Note that friction can also be a function
of load as will be seen in Chapter 5.5. For a given load, no detrimental surface behavior will be found until a
certain level of speed is reached. Obviously, speed is directly related to sliding velocity and is an important
parameter of the heat generation mechanism.

An awareness of the interactions between parameters should be kept in mind while reviewing the rest of
this study.

1.4 Spiral Bevel Gear Geometry

Spiral bevel gear geometry, for the face-milled gears that are used and analyzed in this study, had its modern
origin in the open literature of the 1960’s. Work since this time has concentrated on analytical modeling of the
generation process because no closed-form solution of this geometry exists. Face-milled spiral bevel gears, while
appearing to be similar to involute geometry, are really quite different. Some of the basic geometry parameters
of this gear type are shown in Figure 1.4.1. What cannot be seen clearly from this drawing is that the teeth change
in height and thickness from the toe to the heel. Other types of spiral bevel gear geometry, such as the face hobbed,
have equal height, or constant depth, teeth. These gears, however, cannot be final ground with the same ease as
face milled (as required in most aerospace applications) and are typically hard finished. In the production of
face-milled teeth, relatively simple cutter or grinding wheel shapes are permitted, and therefore attaining high
quality surface geometry is possible in the hardened state after heat treatment. This geometry is currently utilized
in all aerospace applications in the United States.




The ability to perform the advanced analytical studies reported herein requires an understanding of gear
geometry. Therefore, a brief summary of gear geometry work reported in the open literature is given.

Early spiral bevel gear geometry investigations began with the studies of several employees of the Gleason
Works, the major builder of this type of machine tool. Their reports dealt with basic geometry, tooth contact,
misalignment, contact pressure, sliding velocity, and adjustment characteristics (Refs. [1.43] to [1.46]). Coleman’s
work (Ref. [1.5]) has already been discussed. These studies, although significant, still did not fully describe the

spiral bevel gear geometry under consideration.

Baxter’s study (Ref. [1.47]) provided useful equation development for nongenerated geometry, such as hypoid
gears that are cut by the Formate® method, which is used in the automotive industry to produce high volumes of
components. In this machining process, the gear to be cut is plunged into a cutter that removes material between
adjacent teeth simultaneously. Other papers of interest on gear geometry as it relates to contact behavior are by
Krenzer (Refs. [1.48] and [1.49]). The effect of load on tooth contact analysis is also presented by Krenzer
(Ref. [1.50]). The Gleason Works primer on tooth contact analysis (called TCA) is presented in Reference [1.51].

In the last 10 years, several researchers have concentrated on developing the gear geometry theory for generated
spiral bevel gears. Presenting his findings in the open literature, Litvin (Refs. [1.52] and [1.53]) began the formal
analysis of the generation of spiral bevel gears. Since the'1980’s, the evolution of gear geometry theory to date
for spiral bevel gears is presented by Litvin (Refs. [1.54] to [1.57]. The basis for the analysis presented in these
studies is the gear geometry work extensively described in Reference [1.57].

Recent work on the application of spiral bevel gear geometry has involved the development of finite ele-
ment analysis to structurally model the components using the full gear geometry (Ref. [1.58]) and the kinematic

optimization of the gear geometry (Ref. [1.59]).

For the study reported herein, the method developed in Handschuh (Ref. [1.58]) is used to generate the
thermal model of interest. A thorough development of the gear geometry and the development beyond the
structural model to permit building the thermal model are presented in Chapters 4 to 6.

1.5 Experimental Measurement of Gear Tooth Temperatures

The experimental measurement of gear tooth temperature is a very challenging task. This measurement can
be made by (1) having the rotating gear members act as the thermocouple junction by the fabrication of each
member from different materials; (2) attaching thermocouples to the rotating hardware; or (3) using a remote
measurement of the infrared energy radiated from the gear surface. A discussion of these methods is now

presented.

The measurement method using gears of two different materials was tested in the 1930’s by Blok (Ref. [1.60]).
This method was also used by Niemann (Ref. [1.61]), who varied such parameters as load, speed, and tooth pro-
file. This same procedure was used in the study of Tobe (Ref. [1.6]), except that only one tooth of the gear
completed the thermocouple junction. The problem with making the measurement in this manner is that compro-
mises are required. First, contact through the oil film must be made and maintained, otherwise the thermocouple
becomes an open circuit. Second, materials typically used do not have the load carrying capacity of the gear set
being simulated. The results, however, can be useful to evaluate analytical models that can then be scaled to

more practical design conditions.

The second measurement method uses measurement devices attached to the rotating hardware as illustrated
in the following studies. Ku (Ref. [1.62]) used thermocouples attached to a spiral bevel pinion in noncontacting




locations during a scoring test in a helicopter transmission. The limited measurements made provided a tempera-
ture distribution within the pinion during scoring tests. Another study by Doi (Ref. [1.63]) used contacting bead
thermistors where different lubrication locations and flow rates were varied to study the effect on the operating
temperature. Winter (Ref. [1.64]) presented experimental data using thin film sensors that were produced by an
jon beam sputtering technique. Some outstanding results were attained for the pressure, temperature, and film
thickness of cylindrical rollers and spur gears.

The third method for temperature measurement uses an infrared microscope. Turchina (Ref. [1.65]) used
this technique to measure the temperature in a sliding contact. In this study, the contact region was between a
sliding steel sphere and a sapphire lens through which the infrared measurement was made. This situation is
ideal for making the measurement. However, this method is not quite as ideal when measuring gear teeth, as
exemplified by the study of Townsend (Ref. [1.66]) in which the spur gear contacting profile was passed in
view of the infrared microscope at a location approximately 150° of rotation after meshing. The measurement
could be made but at a location that was less desirable.

This summary of possible temperature measurement methods indicates that each has problems and short-
comings. For the study reported herein, the approach used and the measurements made are presented in Chapter 3.
The results are compared with the analysis conducted and serve as a means to validate the analytical model.

1.6 Objective of Current Research

The objective of the present work was to utilize the available numerical tools for surface geometry
description, three-dimensional solid modeling, three-dimensional contact modeling, and lubricant behavior to
conduct a thermal analysis of spiral bevel gears. A three-dimensional, time-transient, finite element model is
described. Also, an experimental program using aerospace-quality spiral bevel gears was compared with the
analysis. Instrumented gear mesh components were tested. Steady state thermal data and transient surface
temperatures were compared with the analysis. The analysis that was developed will provide an improved
method for assessing designs for thermal behavior in that the full three-dimensional behavior will be analyzed.

The accomplishment of the objective just described required tying together several complex aspects neces-
sary to conduct the analysis at hand. All the necessary steps to conduct the analysis and the experimental study
are described in Chapters 3 to 6.
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CHAPTER 2: FLASH TEMPERATURE EVALUATION

2.1 Introduction

When any gear system is being designed, an iterative process is required to meet size and weight require-
ments as well as those for tooth performance with respect to bending and contact stress. The flash temperature
expected, or the propensity to have scoring wear, may only be calculated if the combination of high load or
high pitch line velocities is among the design requirements. The necessity for investigating flash temperature is
shown in Figure 2.1.1 (Refs. [2.1] and [2.2]). The speed and load at which a given gear set must operate
determine the wear or failure modes with which one must be concerned.

Spiral bevel gears, as used in typical helicopter applications, usually operate in the range of conditions
where scoring is a concern. Most companies that manufacture these gears have their own data base that corre-
lates successes and failures with the conditions imposed on a wide variety of designs. This trial and error
approach from the past helps these companies deal with new designs.

In this chapter, the methods currently in use for flash temperature calculation are presented along with the
history behind the current practice. Experimental tests to determine flash temperature are investigated and reviewed.
The implications and usefulness of the current methods with respect to spiral bevel gears are described.

2.2 Historical Perspective of the Flash Temperature Calculation

Flash temperature theory states that under load surfaces that have relative sliding motion will exhibit a
large temperature rise in close proximity to the contact region; this temperature rise quickly dissipates via
conduction. In gear systems, this flash of temperature quickly decays and the cycle repeats as the contact point
again goes through mesh. This phenomenon is shown in Figure 2.2.1. In high speed gearing, this phenomenon also
includes forced convection imposed on the surfaces in addition to the conduction that helps to remove heat after
the surface in question has had the heat flux applied.

The flash temperature methodology currently utilized began with the work of Blok (Refs. [2.3] and [2.4]).
In Reference [2.3], the heat flux mechanism as a function of imposed conditions was analyzed. Several sets of
conditions were investigated. One case basically modeled the sliding action behavior in gear systems. In Refer-
ence [2.4] these methods were applied to a planetary system in which the gear friction and flash temperature
were measured. The gears were chosen so that their contact represented the measurement junction of a thermo-
couple. Even though the experimental apparatus and measurement system were dated, the basic phenomena
measured validated the analytical model that was developed.

The flash temperature equation developed in Reference [2.3] for a moving band heat source is given as
C3uPy| Vg, = Vil

T, =
(Clm *Czwlv_sz)ﬁ’

where T is expressed in degrees centigrade and

(2.2.1)

G 0.83, a constant

T coefficient of friction
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P specific line load, kg/cm
Vg1, Vg,  sliding velocity of surfaces 1 and 2, cm/s

C,.Cy thermal parameter equal to the square root of the product of the thermal conductivity, density, and
specific heat, kg/(°C-S3/ 2) of gear teeth 1 and 2, respectively

b half width of the contact band, cm

Equation (2.2.1) is the basis for all calculation procedures that are currently used by designers. The differences,
depending on gear type, are geometrical and account for parameters such as load sharing, speed, gear support
arrangements, etc. Many of these differences are described in Section 2.3.

This calculation procedure was extended for spiral bevel gears by Coleman (Ref. [2.5]) in whose study the
procedure for applying flash temperature theory is developed. The current calculation procedure used by designers
of spiral bevel gears has its basis in this work. This work is also presented in great detail with examples in
Reference [2.6].

Reference [2.6] also presents the method for determining the geometry factor for a given spiral bevel gear
design with known speed and load conditions. This factor is based on tooth geometry (relative radius of curva-
ture), load location and the amount of load sharing, rolling and sliding velocities of the meshing teeth, the size
and location of the contact, and the contact orientation. In this reference, some common design configurations
are presented graphically. The value of the geometry factor is such that it is based on that contact location
where the value will be a maximum. For standard designs, this location is on the pinion addendum and gear
dedendum. Along with this value, material properties, loading, diametral pitch, and pinion speed are then used
to predict the flash temperature. This is discussed in the next section.

In Ku’s study (Ref. [2.7]), among items of interest described and tested were the frictional behavior of
typical aerospace materials and lubricants and the associated scoring behavior of spur, helical, and spiral bevel
gears. A computerized version of the flash temperature calculation of Reference [2.6] was developed, and a
limited number of tests were conducted to check the theory. Ku concluded that some areas needing further
attention were understanding the scoring mechanism and the effects of overall gear mechanics.

Analyses of gear thermal behavior using the finite element method are presented in References [2.8]
to [2.11]. References [2.8] and [2.9] conducted a thermal analysis of spur gears. Patir (Ref. [2.8]) investigated
the effects of heat flux distribution on the bulk temperature distribution. El-Bayoumy (Ref. [2.9]) went further to
include a moving heat source (transient boundary conditions) along the meshing tooth surface. Temperature con-
tours through the tooth section were plotted as a function of time for their finite element model. The effects of
varying the load and heat transfer coefficient along the model boundaries were studied.

Chao (Refs. [2.10] and [2.11]) conducted a comprehensive study on spiral bevel gears. Dynamic load,
lubricant film thickness, and surface temperatures were calculated. An influence coefficient formulation was
developed for tooth stiffness and bulk temperature. This formulation was used to predict the dynamic load and
the resulting temperature. The prediction of bulk and flash temperatures was made via a three-dimensional model.
Only the central contact prediction for temperatures was shown in their results, which were not shown over a
complete revolution or a complete transient cycle to document how well their model described the expected
outcome based on the original flash temperature theory. Many of their results, however, are consistent with
those expected in References [2.5] and [2.6] and in the present study.

This section has described the history of flash temperature calculation procedures and the advances made
over the last 50 years with respect to gear systems. As discussed, the recent modeling efforts have used finite

15




elements, an analysis technique that is very advantageous with respect to the three-dimensional models required
for spiral bevel gear studies.

2.3 Flash Temperature Calculation for Spiral Bevel Gears

In this section, the flash temperature calculation procedure currently in use for spiral bevel gears is described.
This procedure is found in References [2.12] and [2.6]. From Drago (Ref. [2.12]), the equation for flash temper-
ature above the bulk operating temperature for spiral bevel gears is given as

--rf - 1.291Gwe0'758f P;).6875np0.3125 (2.3- 1)

where T; is in degrees Fahrenheit and

G geometry factor that is a function of spiral angle, pressure angle, and number of teeth in both meshing gears

W, function of torque and factors that are affected by the design configuration, accuracy of the gears, and
operating speed, 1b

S; factor for surface roughness of meshing gears, S; = 50/(50 — S) where S is average roughness, pin.
P, diametral pitch, 1/in.
n, pinion speed, rpm

For the designer, the geometry factor for the meshing point that is critical for flash temperature is represented
graphically (Ref. [2.6]) in Figure 2.3.1. Therefore, the speed, load, surface roughness, diametral pitch, and pinion
rotational speed determine the magnitude of the flash temperature. This value is then compared with allowable
values based on past successes or, if this information is not available, on the information contained in Table 2.3.1
(Ref. [2.12]). This table represents values typically used in aerospace applications. An example of this calculation

procedure is given in Appendix A.

If a gear set design is known, the effects of speed and load are found by the repeated use of Equation (2.3.1).
For the gear set used in the present study (see Appendix A), the effect of torque with the pinion speed held
constant is shown in Figure 2.3.2 and the effect of speed with torque held constant is shown in Figure 2.3.3.

This calculation procedure provides a basis for comparing designs with respect to the flash temperature. To
determine an acceptable design, this information is then utilized with the bending and contact stress indices
typically found using the methodology of Reference [2.13].

2.4 Experimental Measurement of Flash Temperature

The measurement of flash temperature is an extremely difficult task. Meshing gears operating at extremely
high loads and high shaft speeds are the important parameters that effect flash temperature and scoring. Instru-
mentation access to the locations of interest is either extremely difficult or impossible. This section discusses the
types of schemes used to measure temperatures in the concentrated contact of gears and other machine elements.

An early work using a geared system was already mentioned in Biok (Ref. [2.4]). The technique used was

having two different metallic gear members completing the thermocouple circuit. Experiments conducted in this
manner are constrained to operate at low loads with a minimum amount of or no lubricant to maintain the
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electrical contact required in the thermocouple circuit. Although these experiments can be helpful to validate the
general characteristics of a given analysis model, measurements in this form are not applicable to the high speed
and load conditions of a normally operating gearbox.

In a later work (Ref. [2.14]) for spur gears, experimental results also obtained using the meshing gears as a
thermocouple were compared with values from the calculation procedure of Blok (Ref. [2.4]). Using a dynamic
load measured via strain gages produced good agreement with the analytical prediction.

Infrared and other optical techniques have also been used to characterize the behavior within concentrated
contacts (Refs. [2.15] and [2.16]). In these references, a sapphire disk is used to allow optical access to the
location in question. Measurements are made with the sapphire member in contact with a steel member of a
geometrical configuration of interest. Only simple geometry can be used in this type of study and maximum
contact pressures are limited to about 50 percent of what is considered a maximum for a gear tooth surface.
These studies, however, are beneficial in verifying the analytically predicted behavior in concentrated contacts,
and they also demonstrate that very high temperatures can be attained within these contacts. This technique has
also been used to study other temperatures of interest in grinding (Ref. [2.17]) and in face seal systems (Ref. [2.18]).

The problem with using the infrared technique for gear systems is that the measurements cannot be made in
the desirable contact region because of the lack of a line of sight: the meshing teeth mask the area of interest.

The infrared technique has been used to study spur gears (Refs. [2.19] and [2.20]) and spiral bevel gears
(Refs. [2.21] and [2.22]). Although measurements cannot be made at the source of the heat generation between
the meshing gears, the information obtained can still be used to check transient thermal models. The measure-
ment location is fixed, but the rotating teeth present a position-varying temperature signal when the gear profile
is in view and in motion. Even though the heat flux applied is being conducted and convected away, a position-
varying temperature corresponding to different conditions along the gear profile is measurable. This means that
the position-varying flashes of temperature on the active profile cause a nonuniform temperature over the gear
body.

The most recent and promising technique for experimentally investigating the phenomena associated with
concentrated contacts is to make measurements using thin-film sensors (Refs. [2.23] and [2.24]). These sensors,
sputtered onto the surface in question, are very thin with the entire sensor being just a few micrometers thick. In
References [2.23] and [2.24], resistance gages were used to measure the temperature. Kannel (Ref. [2.23]) used
this technique on a spur gear mesh. The sensor thin film was titanium. The gear tooth that mated with the -
instrumented one was machined so that contact occurred only over a portion of the face width; thus, contact
with the instrament connection wires was avoided. The high frequency response of the sensor was attained and
the temperature change due to the meshing process was measured.

In Winter (Ref. [2.24]), disks and gears were tested. Temperature and pressure measurements were also
made using the thin-film technique. Manganine was used for the pressure sensors and platinum for the tempera-
ture sensors.

In both References [2.23] and [2.24], measured temperatures were compared with theory. In both studies
the experimental measurements were close to the theoretical predictions.
2.5 Improvements Needed in the Flash Temperature Methodology for Spiral Bevel Gears

The method presented herein and currently being used to rank designs with respect to flash temperature
still does not fully account for all the possible variables. For aerospace applications in a dry sump mode with
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jet-lubricated and scavenged lubrication systems, jet positioning can have a great effect on bulk temperature for
the same operational speed and load (Ref. [2.22]). Also, depending on the jet location, the lubrication system
can act as a "flash cooling” heat sink to the active profiles of the meshing gear teeth. Lubrication system effects
on the flash temperature are currently totally neglected.

Another shortcoming of the current flash temperature calculation method is that seemingly similar designs
of spiral bevel gears can have differences in contact patterns and meshing kinematics. Slight variations in manu-
facturing machine tool settings can produce gear systems with drastically different contact patterns and heat
generation. These differences cannot be examined on the basis of the analysis of Reference [2.6] because only
the basic gear design data are used to conduct the analysis. A tooth contact analysis of the meshing gear systems
and the surface geometry must be used simultaneously to calculate meshing point velocities and curvatures and
orientations of the surfaces at these locations.

Another simplifying assumption made in the current flash temperature calculation is that only conduction
causes the flash temperature to quickly subside and return to some overall bulk temperature of the gear/lubrication
system combination. This phenomenon occurs such that the bulk temperature is reached and the process is then
repeated in a cyclic manner. In high speed gear systems, forced convection to the surroundings also must be
considered a participant in the removal of the meshing heat flux. From the bulk temperature measurements of
Handschuh (Ref. [2.22]) for spiral bevel gears, it is obvious that different locations of the gear tooth can operate
at drastically different temperatures. Therefore, to have a better characterization of this phenomenon, a more
complete analysis methodology as well as experimental evidence are needed. Experimental tests using aerospace
quality gears are described in Chapter 3. In Chapters 4 to 6, an analytical procedure using a three-dimensional
model is developed to conduct a three-dimensional finite element heat transfer analysis of meshing spiral bevel
gears.
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TABLE 2.3.1—ALLOWABLE FLASH TEMPERATURE
FOR 9310 GEAR STEEL AND SPIRAL BEVEL

GEAR DESIGN (From Ref. [2.12])

Oil type Allowable flash temperature
°C °F
MIL-L-7808 or 23699 257 495
Mineral oil (SAE 30) 182 360
MIL-L-2105 343 650
EP90 649 1200
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Figure 2.1.1.—Gear design parameters of concern based on operating conditions (Ref. [2.1, 2.2]).
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CHAPTER 3: TEST FACILITY AND EXPERIMENTAL RESULTS

3.1 Introduction

The test facility used in the experimental evaluation described in this study is the Spiral Bevel Gear Test
Rig at the NASA Lewis Research Center. The facility uses a closed-loop system in which two sets of spiral
bevel gears are tested simultaneously. A facility such as this allows high power and high speed operation with a
minimum amount of supply power. The drive motor only needs to overcome the system losses from the gears
and bearings. This keeps the cost of operation low in comparison with an open-loop system.

The experimental hardware and the test results are also discussed. Three measurement schemes for the thermo-
couple placement and type were attempted. The use of an infrared microscope to determine the operating temper-
ature of the test hardware was also investigated. The data collected are compared with the analysis developed in
this study in Chapter 7.

3.2 Description of Test Facility

A thorough description of the test facility operation is now presented. A sketch of the facility is shown in
Figure 3.2.1. Rotational motion of the facility is provided by V-belts from the drive motor to the axial stationary
helical gear shaft. A second helical gear is used to apply or change the loop load by moving axially with respect
to the stationary helical gear. A nitrogen-gas-activated thrust piston moves the helical gear axially. The axial
motion provides the thrust load component of the helical gear forces. The loop load is measured with an in-the-
loop torquemeter. Shaft speed is measured by a 60-tooth gear and magnetic pickup inside the torquemeter. A
cross section of the facility is shown in Figure 3.2.2. The spiral bevel gear set on the left side operates in the
normal speed reducer mode where the pinion drives the gear. The right side operates in reverse where the gear
drives the pinion. Both gear meshes, however, are loaded in the typical mode of the concave side of the pinion
meshing with the convex side of the gear. The overall facility operational parameters are shown in Table 3.2.1
and the basic gear design parameters of the test hardware are shown in Table 3.2.2. A photograph of the test
hardware is shown in Figure 3.2.3. The installation of the components in the facility is shown in Figure 3.2.4.
The left side is the test side and the right the slave side. All instrumented pinion and infrared measurements
were taken from the test, or left, side of the facility.

The facility and test hardware lubrication schematic is shown in Figure 3.2.5. An overall system pump
supplies oil at approximately 0.62 MPa (80 psi) to the facility components after running through a 3-um filter
and heat exchanger. The oil inlet temperature to the facility, not including the test hardware, is maintained at
38 °C (100 °F). Also, from the high pressure supply of the lubrication system, a boost pump can increase or
decrease the system pressure. This pump takes the oil from the facility lubrication system and increases pressure
as well as oil inlet temperature independent of the facility components. This allows test hardware to be exposed
to a wide variation of lubrication conditions.

3.3 Description of Test Instrumentation

The test facility instrumentation is used not only to take some of the test data but also to monitor the
facility’s operational state. A sketch of the facility instrumentation locations is shown in Figure 3.3.1.

Four facility parameters are monitored: temperature, acceleration, lubricant flow, and lubricant pressure.
Thermocouple data are monitored continuously during the test, and other data such as speed and load are
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manually taken at approximately 10-minute intervals during experimental tests. A sample of typical thermo-
couple data is shown in Figure 3.3.2. Not only facility bearing temperatures are monitored but test data such as
oil inlet temperature and oil fling-off temperature at the test hardware are recorded. Note that modification to
parameters such as flow to the test hardware had no effect on the test facility. Only the temperature of the oil

being flung from the meshing gears changed.

Three lubrication parameters for the test gears are continuously monitored: lubricant jet pressure, lubricant
flow rate, and oil inlet temperature just prior to the test hardware lubricant jet. These data are necessary for
conducting the present study of the experimental results.

Accelerometers are used to monitor the facility’s vibrational output. For the tests conducted herein, their use
was only for assessing test facility health. Increased levels beyond set limits will cause automatic facility shutdown.

3.4 Description of Test Hardware

The spiral bevel gear test specimens that were instrumented for the experimental phase of this project are
now described. Three different instrumentation schemes were used in this study.

The first specimen was instrumented as shown in Figure 3.4.1 (Ref. [3.1]). Here, thermocouples on the top,
toe, and heel were buried approximately 0.76 mm (0.03 in.) below the gear surface. In the root area, the thermo-
couple was attached to the surface using an epoxy adhesive. The purpose of this thermocouple scheme was to
provide bulk gear temperatures at various locations on the gear body where contact with the mating gear member
was avoided. This scheme will provide heat distribution data for the faces of the gear body.

The second instrumented specimen had thermocouples buried in the active profile. The thermocouple wires
were run from the tooth top to approximately one half the tooth height at three axially spaced locations along
the face width of the pinion. Grooves were electrodischarged machined (EDM) into the active surface to form a
channel 0.25 by 0.25 mm (0.01 by 0.01 in.). These grooves were made on two different teeth with two different
diameters of thermocouple wire, 0.25 and 0.75 mm (0.001 and 0.003 in.). A sketch of the test specimen is shown
in Figure 3.4.2. Two thermocouples were also installed at the tooth top and root as with the first instrumented
specimen. The purpose of this gaging scheme was to determine whether conventional thermocouples could
capture the thermal transient during gear meshing. For these small-diameter thermocouples, if the response is
calculated assuming a one-dimensional model the same thickness as the wire nominal diameter (0.025 mm
(0.001 in.)), the response rate should be to 50 kHz.

The third instrumented specimen used thin-film sensors. The gages were sputtered onto the surface with an
accumulated layer thickness of 6.0 um (236 pin.). This thickness included a =4-um- (=157-pin-) thick insulating
layer and a 2-pm (79-pin.) thermocouple layer (see Table 3.4.1). A sketch of the test hardware is shown in
Figure 3.4.3. The purpose of this gaging system was to determine whether this technology was applicable to
transient surface measurements in gear tooth contacts. This gaging system requires full film lubrication to
separate the meshing gears. Photographs of the three instrumented test pinions are shown in Figures 3.4.4

to 3.4.6.

Data from the rotating test hardware were transferred to the data acquisition system via a slip ring. A dia-
gram of the wire connection used for the tests is discussed in Section 3.7. A photograph of the slip ring used
during the tests is shown in Figure 3.4.7. Depending on the speed at which the data were to be taken, the
thermocouple output was either read directly by a lab computer (steady state data) with an internal reference
junction or from a tape recorder (transient data). The taped data can then be played back into a personal
computer, which contains an analog-to-digital board with conversion speeds in excess of 250 000 samples per
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second. Therefore, tape-recorded data can be replayed and analyzed later rather than trying to accomplish the
high speed analog-to-digital conversion during the actual test.

3.5 Calibration of Test Instrumentation

The focus of the test instrumentation was calibrating the infrared microscope used to monitor the surface
temperature of the test hardware. Many of the techniques used to calibrate the infrared system for a gearing
application came from the work of Wymer and Townsend (Refs. [3.2] and [3.3]). The measurement presents
many problems when trying to view the gear system in this study. All the environmental effects simulated
during the calibration were accounted for in the results extracted from the actual test data. The following
discussion documents how the infrared system was calibrated for making steady state and transient gear surface
temperature measurements. The following effects are discussed: surface emissivity, lubricant, and sapphire lens
attenuation. .

First, a brief description of the system, as used in the tests conducted herein, is presented. An overall
facility schematic of the infrared microscope is shown in Figure 3.5.1. The infrared microscope (Ref. [3.4])
consists of a liquid-nitrogen-cooled sensor that responds to infrared radiation in the wavelength band from 1 to
10 pum (39.4 to 394 pin.). An eyepiece that uses the same optical path is used to align the location where the
measurement will be made. The instrument lens had a focal length of 23 cm (9 in.) with a measurement spot
size of 0.51 mm (0.02 in.). The system has a transient response capability to 15 kHz.

The instrument can be operated in a time-averaged or transient mode. When operated in the time-averaged
mode, the incoming signal is chopped by an internal chopper. A comparison of the ambient chopper temperature
and the incoming infrared signal is then displayed on an analog meter. The emissivity of the measured surface
must be known to directly read out the time-averaged temperature. Five scales can be assessed to determine the
measured value. Two of the scales permit measuring temperatures from 15 to 165 °C and the other three scales
permit reading out infrared power (W/(cmz'ster)), which the manufacturer refers to as radiance. Thus, one
instrument can be used in the time-averaged mode to measure temperatures from O to 3000 °C. The data
presented herein were all read via the 15 to 165 °C range on the instrument.

Operation of the instrument in the transient mode is quite different. The instrument’s internal chopper stops
and the output is a time-varying voltage that is related to the temperature fluctuations of the surface passing
beneath the measurement spot. For the tests performed herein, the signal was band-pass filtered before being.
displayed or stored in a dual-channel oscilloscope (see Fig. 3.5.1). At the same time, a proximity probe was
used to locate the tooth tip in the dual time signal being recorded by the oscilloscope.

Before the test was conducted, the orientation between the infrared signal and the proximity probe was
established. A protractor was fixed to the housing that contains the pinion shaft. An orientation line scribed on
the end of the pinion shaft was used as the measurement source. The proximity probe was first aligned by look-
ing at the oscilloscope and determining when the gap was minimized or the tooth top center was above the
probe; then the angular location was noted. Next, while looking through the eyepiece of the infrared microscope,
the pinion was rotated until the center of the tooth top appeared in the cross hairs of the lens. Again, the angular
orientation was noted. The difference between the two positions provides the lead-lag of the two instrumentation
signals.

A detailed view of the infrared path between the gear tooth surface and the microscope sensor is shown in
Figure 3.5.2. As seen from this figure, many obstacles must be considered in the measurement process. To fully
understand the measurement being made, the effects of all of these obstacles must be considered when making
calibrations.
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To be able to look optically inside a gear box at the gear surfaces requires a lens with at least high trans-
missibility, or minimum signal attenuation, in the infrared wavelength range as well as the ability to keep the
lubricant inside. Even though the lubricant used for the results presented herein was jet fed and gravity scav-
enged away from the rotating components, a great deal of windage still resulted. As described, this infrared
measurement could only be made when the lubricating jet was placed in certain locations: otherwise, the air-oil-
mist windage obstructed the optical path between the infrared microscope and the gear surface.

Again, referring to Figure 3.5.2, the scheme used in the test facility to measure the infrared signal is dis-
cussed. The system consists of the sapphire lens, an air purge port, a large outer tube, and a small inner tube.
The large outer tube prevents the overall windage from passing in the optical path. The inner tube is supplied
with a purge air (shop air at approx 0.03 MPa (5 psi)) to keep the sapphire lens free of oil mist and to keep any
other windage from climbing up the smaller measurement tube. Many schemes were tried but this arrangement
was the best. During the facility operation, visual tests were conducted to verify the scheme described.

Steady State Calibration: The first parameter, surface emissivity, is a function of the thickness of the oil
film layer (Ref. [3.2]). When a layer of oil is between the infrared microscope and the surface of interest, the
measurement made includes the infrared radiation emitted from the oil as well as that of the surface. To investi-
gate this effect, a calibration dish was constructed (Fig. 3.5.3). The dish was made from the same material and
was machined to the same surface finish as the test gears. A thermocouple was located at the surface to provide

an independent temperature reference.

The dish was heated, and data were taken for the indicated infrared temperature versus the actual tempera-
ture. These data are shown for three different conditions in Figure 3.5.4. What can be seen is that the effect of
the oil film thickness on the indicated temperature can be adjusted by the emissivity setting on the infrared
microscope. This setting effectively acts as an amplifier adding gain to the signal as the emissivity decreases to
values less than 1.0 (blackbody). The actual surface emissivity is determined using the calibration methodology
presented here along with the thermocouple data.

The effect of the sapphire lens on the infrared signal is to attenuate the signal strength. The effect of the
attenuation was found by inserting the sapphire lens used during testing into and out of the optical path of the
infrared microscope. This effect is shown in Figure 3.5.5. The net result is that the sapphire lens has an approxi-
mately constant 10 °C (18 °F) attenuation over the range of the calibration from 75 to 125 °C (167 to 257 °F).

Transient Calibration: The instrument used in the test reported herein has a transient response capability
of 15 kHz. This value is five times that of the gear meshing frequency so the instrument is capable of respond-
ing to the surface-varying temperature. The transient calibration procedure basically follows that of the steady
state already presented, with one addition. A mechanical shutter was required to present the infrared system with
a time-varying temperature field because in the transient mode, if a constant temperature, regardless of magnitude,
is presented to the detector, no output will be indicated. A sketch of the mechanical shutter system is shown in
Figure 3.5.6. Tests were conducted using either a blackbody source or the calibration dish made from the same
material and having the same surface finish as the spiral bevel gear test hardware. An example of the calibration
data obtained is shown in Figure 3.5.7. The effects of system output with respect to surface emissivity
differences are shown in Figure 3.5.8. The temperature of the rotating shutter was near ambient and the
blackbody source, or calibration dish, was heated. What can be seen from this figure is that the lower the
emissivity, the lower the system detector output. The effect of the lens in the optical path was again checked
during the transient calibration. The results of these tests are shown in Figure 3.5.9.

It has been shown that the proper calibration of the test system is essential to fully understand the output

from the test components. Neglecting any of these effects will underestimate the actual operating conditions of
the test hardware because the measured signal can, in the tests conducted herein, be an attenuated level of the
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actual surface temperature. What also should be mentioned at this point is that the measurements are made at a
rotational distance away from the location of meshing, or heat flux input into the gear surfaces. In this study,
the location was approximately 120° out of mesh on the pinion. The data given are therefore an indication of
the surface temperature field at the position of the measurement.

3.6 Calibration of Test Hardware

The test hardware calibration was checked using three known reference temperatures: ice water bath and
ambient and boiling water. This calibration was done on the bulk temperature thermocoupled pinion. Circuitry
was connected through slip rings, connecting wiring, and laboratory computer just as it would be used in the
actual test. Thermocouples were typically within 0.6 °C (1 °F) of the expected temperature.

One of the major concerns when making a temperature measurement from rotating test hardware is the
effect of the slip ring, discussed in the following section.

3.7 Rotating Thermocouples and Slip Rings

The data taken from the rotating test hardware, in all cases, had to pass through a slip ring. While at first
glance this may appear to be of little significance, a measurement error problem can occur as a result of this
arrangement. The problem can be thought of as one of lead wire effects with muitiple material changes and
temperature junctions as treated by Moffat (Ref. [3.5]). In this reference, Moffat discusses the effects of lead
wire changes and thermal gradients in the measurement circuit and demonstrates a method, based on thermal
gradients along the lead wires, to analyze the thermocouple circuit.

In the measurement system used in the experiments reported herein for the instrumented pinion, the same
problem can exist. The circuit used is shown in Figure 3.7.1. For the bulk thermocouples, measurements were
made by a lab computer that had an intemal reference temperature compensation. Note from Figure 3.7.1 that
there is more than one junction contained in the measurement circuit; at the slip ring, there are connections for the
static and rotating thermocouple leads as well as contacts between the stationary slip ring brushes and rotating
rings. Each of these can affect the measurement, but if all junctions remain at essentially the same temperature,
their effects disappear. It seems plausible that the internal rings and brushes would operate at nearly the same
temperature. Of concern was whether or not the stationary thermocouple wire connection and the rotating thermo-
couple connection would remain at similar temperatures during a test. This slip ring was used at shaft speeds to
14 400 rpm. The circuit arrangement to test this effect is shown in Figure 3.7.2. One thermocouple was on the
test hardware as used during the tests; a second was attached to the static connection terminal; and the third was
run through the slip ring and attached on a rotating terminal of the slip ring. A number of tests were run to
check out this effect. A typical set of test conditions is shown in Figure 3.7.3. In this figure, the facility was
started and ramped to full conditions quickly (14 400 rpm; 354 N -m (3130 in. - 1b)). From these measure-
ments it is apparent that the rotating and stationary thermocouple measurements were similar, and also over the
test time shown here, the slip ring had not reached steady state operational temperature. The test hardware had
reached steady state prior to the slip ring. Since the two thermocouples gave very similar measurements, the
effect of temperature differences across the slip rings on the measured data was assumed to be negligible. No
corrections were applied to the data that will be presented later. If there had been a large differential, the
gradient approach discussed by Moffat (Ref. [3.5]) would have been required to correct the measurements made.
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3.8 Experimental Results From Thermocoupled Pinions

The results obtained from the thermocoupled spiral bevel pinons are now discussed. As mentioned in
Section 3.4, three measurement schemes were used on the pinions. Thermocouple locations on the pinions were
chosen to permit certain types of measurements to be made. As will be seen for specific schemes, a great deal
of data was taken and in other cases the useful data obtained before pinion/instrumentation failure were limited.
In all tests, the lubricant used was that comparable to, or the same as, the synthetic lubricant used in aerospace
drive systems. Parameters with respect to flow and pressure were only changed on the test hardware. Oil inlet
conditions for the test facility were maintained at 38 °C (100 °F) for most of the test program.

Bulk Temperature Measurement Pinion: The first test specimen results discussed are those made from
the bulk temperature measurement pinion. Instrumentation locations were shown schematically in Figure 3.4.1
and in the photograph of Figure 3.4.4. Four locations were monitored. All instrumentation locations were in
regions that were not in direct contact with the gear meshing action. This arrangement provided a very robust
measurement system with the drawback that active profile data were not attainable. The data to be presented on
this hardware, however, were used with the infrared data (to be discussed in Section 3.9) to help tune the con-
vection boundary conditions needed for the analysis and comparisons to be made in later chapters.

With the system just described, many parameters of interest could be varied and the effect on the pinion
temperature measured. Data were taken by a laboratory computer that had reference temperature compensation
provided electronically. Connection to the computer was accomplished using slip rings as shown in Figure 3.7.1.

The bulk temperature was measured once the facility had reached steady state from either the initial startup
or a new operational condition. Reaching steady state usually took about 10 minutes and then the data were
recorded. Load, flow rate, shaft speed, lubricating jet location, lubricant jet type, lubricant jet size (diam), and
oil inlet temperature were the parameters varied during the course of testing.

The results were obtained using a single lubricating jet of two different types as shown in Figure 3.8.1.
(Ref. [3.1]). When a fan jet was used, it was positioned such that the fan width matched the tooth width at the
tooth top. A given lubricant flow condition would be set by maintaining a given jet pressure.

The first parameter investigated was the lubricant flow rate. The data are presented in Figure 3.8.2. The
facility was maintained at a constant speed and load (14 400 rpm and 354 N - m (3130 in. - Ib)) and the jet
pressure (flow) was varied. The oil inlet temperature was maintained at a constant 38 °C (100 °F). The oil inlet
was located on the gear approximately 80° out of mesh. The data shown here, ranking the thermocouple loca-
tions, are typical of all the results to be presented on this hardware. The tooth top was always the highest
temperature; next, the root and toe gages usually produced about the same measured temperature, followed by
the tooth heel gages having the lowest temperature. The pinion was not in danger of scoring due to a lack of
lubricant, and the trend of temperature increase with lubricant pressure (flow) decrease was found.

The effect of load on the pinion operating temperature is shown in Figure 3.8.3. All four measurement loca-
tions increased in temperature in a fairly linear fashion. Speed, lubricant temperature, and lubricant flow rate
were all held constant as the gears were lubricated on the gear member 90° before going through mesh.

The last all fan lubricating jet data are shown in Figure 3.8.4. The data are plotted for five lubricating jet
positions at two jet pressures. The upper symbols are for the lower flow rate condition and the lower symbols
are for the higher flow rate condition. In either flow condition, it is obvious that jet placement can drastically
affect the pinion bulk operating temperature. The lowest operating temperature using the fan jets was measured
when the jet was positioned into or out of the region just before or after the gears go into mesh. From an effi-
ciency standpoint, out-of-mesh lubrication is the best choice because power would not be required to pump the
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oil out of the meshing region. This extra pumping action, however, did not cause the thermocouple measure-
ments to increase; therefore, this effect must be minimal in the dry sump operational mode used in the tests
conducted herein.

Next, the results using the fan jet are compared with those obtained with a pencil jet. The pencil jet is
basically a tube with an orifice of a given diameter at its end. Instead of the lubricant being spread out to form
a sheet as in the fan jet, the pencil jet delivers a column of fluid to the gear surface where it is spread upon
impact. The pencil jet was positioned at a distance similar to that of the fan jet from the tooth top and was cen-
tered at half the face width of the pinion or gear. Tests were conducted to compare the operational temperature
of the spiral bevel pinion with these two different jets. The results are shown in Figure 3.8.5. Four operational
settings were run. The oil inlet temperature and lubricant jet operating pressures were not identical for the two
jets, but some conclusions can still be drawn from these data. The fan jet was run at a higher pressure and a
slightly lower oil inlet temperature, which resulted in the flow being approximately double that of the pencil jet
for the results shown. Even with the difference in oil flow, the measured gear temperatures were nearly the
same. The conclusion that can be drawn is that in this application the pencil jet produced similar results with a
reduced lubricant flow requirement.

Next, the effect of oil inlet temperature on the operational characteristics of the pinion are presented in Fig-
ure 3.8.6. Three oil inlet temperatures were tested while other test conditions were held constant. A pencil jet
with a 0.76-mm- (0.030-in.-) diameter orifice located 90° before mesh on the gear was used. Note from this fig-
ure that the measured values increased at a lower rate than the oil inlet temperature. A total increase in the oil
inlet temperature of 67 °C (120 °F) resulted in a thermocouple-measured temperature maximum increase of 17 °C
(30 °F). Clearly, the surrounding facility and shaft connection hardware limited the effect of raising the oil inlet
temperature. In low load and speed conditions, thermocouple readings would be lower than the oil inlet temper-
ature (see Fig. 3.8.5). In actual helicopter or other applications, maintaining the surrounding hardware at a Jower
temperature is usually not possible. The result is that in practice the surroundings are operating at a temperature
somewhere between the oil inlet temperature and the average temperature of the heat-producing rotating components.

The last data to be presented on the bulk thermocouple pinion are for pencil jet position effects when the
oil inlet lubricating jet is positioned on the pinion. Two locations on the pinion were tested, and one test from
the lubricant jet on the gear is included for comparison. Because the oil inlet temperature and pressure varied
slightly for the three sets of data shown, the temperature differences between the thermocouple-measured and oil
inlet temperature are used in Figure 3.8.7. The same jet was used for all three sets of data. From this figure, the
pinion ran the coolest by being lubricated 90° before going through mesh.

In summary, for this test hardware, jet location is an important parameter for the steady state operating
temperature measured with this pinion. From the data acquired, the best place to lubricate the pinion was at the
into- or out-of-mesh locations. Jet placement also affects the way analytical model boundary conditions would
be applied and in Chapter 6, it will be compared with the boundary conditions imposed on the analytical model.

Surface Temperature Thermocouple Pinion: The surface temperature pinion is shown schematically in
Figure 3.4.2 and by photograph in Figure 3.4.5. Because of the unknown operational life of an instrumentation
system such as this, some data were taken at low speed and load conditions. At these conditions the level of
heat generated is also low and a rapid increase in temperature was not found. The thermocouples were in
regions on the active profile where temperature increases should have been measurable.

The instrumentation connection used for the tests is shown in Figure 3.8.8. The thermocouple output was

connected either to the laboratory computer or to a tape recorder, depending on the time or type of test. Initial
data taken at low speed and load conditions were tape recorded.
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After the initial light load and low speed tests, the test hardware was run to full conditions. Lubricant jet
location and flow rate were similar to those used with tests on the bulk thermocouple pinion. A 0.76-mm-
(0.030-in.-) diameter pencil jet was used. It was located 90° before mesh on the gear and had a jet pressure of
1.38 MPa (200 psi). Speed and load were ramped to full conditions in approximately 60 seconds. Data taken in
4-second intervals by the laboratory computer are shown in Figure 3.8.9. After approximately 150 seconds had
elapsed, the instrumentation is believed to have begun to fail. The adhesive holding the alloy wires within the
thin slots was broken and the toe and mid profile surface temperature thermocouples continued a rapid increase
in temperature as they interacted with the meshing gear surface. Then their output began to decay and at approxi-
mately 350 seconds the tooth top and root thermocouple temperatures increased rapidly. At 360 seconds the tooth
top thermocouple had reached a temperature in excess of 343 °C (650 °F) and smoke was visually spotted along
with the normal windage generated from the rotating gears within the air-oil environment.

The test was stopped and inspection of the gears revealed evidence of scoring damage. The damage basic-
ally appeared only on the instrumented teeth that had been electrodischarge machined. Since data were not taken
with the tape recorder connected, the facility was started again. Full conditions were again attained as in the last
test and the thermocouple signals were recorded. During this test, further scoring damage was not evident. Most
of the surface thermocouples continued to operate but their actual measurement point was unknown. A photo-
graph of one of the instrumented tooth locations is shown in Figure 3.8.10. Note that the scoring occurred on
the tooth with the instrumentation slots. Therefore, the amount of surface that was disturbed, because of the
addition of the instrumented slots, was enough to cause scoring at the elevated loads applied at full condition.
Apparently, the surface deviation was sufficient to cause a localized collapse of the oil film separating the mesh-
ing surfaces. This localized heat and damage spread over most of the active profile that is loaded from the top
of the tooth down to where the instrumentation slot ends.

The thermocouple measurement scheme could possibly be accomplished by a different machining procedure.
Instead of marring the active profile to the extent that was done in this study, it may be better to electrodischarge
machine a hole from the coast side of the tooth to the active profile side. This would reduce the amount of
meshing and load-carrying profile disruption by having only a small hole instead of a thin slot that extends to

approximately one-half of the tooth height.

Thin-Film Thermocoupled Pinion: The results using the thin-film instrumented pinion are now discussed.
The run-time life of this hardware was an unknown for this instrumentation scheme. The effect of highly con-
centrated loads was unknown, and whether the oil film would be thick enough to keep the thermocouples from
being rubbed off was a concern. The thin-film coatings were sputtered onto the surface in the thicknesses shown
in Table 3.4.1 to make a localized layer approximately 2 pm (79 pin.) higher than the surrounding insulated
gear surface (4 pm (158 pin.) of Al,O;). One wire and five thin-film thermocouples were installed on the pinion.
Three thin-film thermocouples were on the active drive side profile and the other three thermocouples were on
the coast side of the same tooth. A sketch of the instrumentation scheme and the actual hardware are shown in
Figures 3.4.3 and 3.4.6, respectively. In Figure 3.4.6 two additional circular sputtered areas are seen located
between the actual thermocouples. These were used to check the adhesive strength of the coating during a pull

test.

The thin-film test hardware was then installed in the test facility pinion housing and the setup of the hard-
ware to attain the correct backlash and a reasonable contact pattern was initiated. Since the hardware robustness
was unknown, a minimum amount of setup was accomplished. The contact pattern was slightly higher than nor-
mal with the correct backlash after a few setup trials. The slip ring was then connected and the thermocouple
circuitry checked. At this point it was determined that the contact pattern checks, even though done with virtually
no load and by hand rotation, had caused the destruction of three of the five thin-film thermocouples. Instead of
repeating the entire thin-film processing procedure, it was decided to test the robustness of the coatings.
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After the instrumentation was connected to the tape recorder system (see Section 3.4), a low speed and load
test was conducted. By the time the facility reached the set point conditions of 3000 rpm (pinion) and 37 N - m
(330 in. - Ib), another thermocouple failed on the coast side of the pinion. The facility was started from a
torque of 0 N - m (0 in. - Ib); actually, the inertia of the system, when the speed is changed during startup,
causes the torque in the loop to go negative which would load the coast side of the pinion. The thermocouple
that failed at this point was the wire thermocouple which had a nominal diameter of 0.025 mm (0.00! in.) and
was on the coast side of the tooth.

The one thin-film thermocouple that continued to work only output a temperature near ambient because the
load was never directly applied to this region based on the contact pattern from the setup and the metal blueing
coating applied to the pinion. This thermocouple was located on the heel end of the drive side of the tooth.

The thin-film thermocouple technique applied in this study failed to provide any research data to help fine
tune and verify the analysis to be developed later. These data would have been extremely valuable in validating
some of the assumptions necessary to perform the analysis.

In summary, with regard to the instrumented pinion tests, keeping the instrumentation off the active profile
allowed a great deal of data to be taken, but it was only useful in attaining the bulk temperature information and
the infrared microscope data to be discussed in the next section. Thermocouples imbedded in the active profile
could also be an alternative to obtain the required surface data; however, the machining required to position them
must use something other than the technique tried in this study. Finally, the thin-film thermocouples must be
applied so that their appearance on the active profile does not cause localized profile abnormalities that would
lead to their early destruction. If the coating could be applied such that the surface net change is the same, the
coatings should have a longer run-time life. The other alternative is to use a lubricant with very high viscosity:
film thickness would be increased and the chance of thin-film-coating gear surface interactions would be reduced.
This type of lubricant does not have application, however, to the aerospace applications that this study has under
consideration.

3.9 Experimental Results Using an Infrared Microscope

In this section the infrared-microscope-generated data are presented. Steady state as well as transient or
time-varying data are shown. These infrared data were taken from many different tests using the bulk thermo-
couple pinion described in Section 3.8. The data generated with thermocouples are used to determine certain
parameters necessary to make calculations for the transient data to be presented.

As mentioned in the earlier study of Handschuh (Ref. [3.1]), infrared measurements could only be made
when the jet was positioned in certain locations with respect to the rotating gears. The locations for possible use
were on the gear at either 90° out-of- or into-mesh positions. At other locations, such as on the pinion, oil wind-
age did not permit a reasonably clear optical path to the test location of interest so the measurement using these
locations was abandoned.

Steady State Results: When the infrared microscope is used in the steady state mode, the emissivity of the
surface being measured must be known. As described in Section 3.5, oil film thickness on the gear surface can
affect the emissivity of the measurement being made. Therefore, when a given test was being conducted, measure-
ments for each condition were taken at a number of emissivities. The microscope output varies as the emissivity
setting is changed because a lower emissivity adds amplifier gain to the signal being measured. To exemplify
this phenomenon, a series of tests were conducted. The speed and load were varied and the infrared measurements
were taken with three emissivity settings. These data are shown in Figure 3.9.1. Also plotted in this figure is the
bulk surface temperature, the average of the root and top thermocouples from the instrumented pinion. The tests
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then were conducted with the same lubrication system parameters. Note that no correction for sapphire lens attenua-
tion was made to this figure. The effect of the lens correction would be to add approximately 10 °C (18 °F) to

the measured quantities shown.

The data from Figure 3.9.1 show that the speed and load conditions affect the emissivity of the measure-
ment being made. At the low speed and load condition, adding in the sapphire lens attenuation, the emissivity
was approximately 0.3; at the elevated speed and load condition that value was reduced to 0.25. The data just
described are essential for calculating the transient data that are based on the emissivity and temperature level
of the surface under consideration and the calibration constant of the infrared microscope.

Similar figures could be generated to show the effect of other system parameters on the infrared output at
different emissivities. The basic trends shown in Figure 3.9.1 would be repeated for varying the lubricant jet
pressure or oil inlet temperature, for example.

Radiance Output and Calculations for Transient Data: The calculation method to quantify the transient
data to be presented later in this section is now described. The data measured will be a voltage differential that
will determine the temperature differential of the surface under consideration.

From the manufacturer (Ref. [3.4]), a curve of adjusted blackbody radiance versus temperature is given.
This curve is shown in Figure 3.9.2 and will be used to determine temperature differentials from the transient
data. Values from the curve over a range from 50 to 350 °C (122 to 662 °F) were used to fit the following

equation to the curve:

N=a 10Tb +cC 3.9.1)

where N is the radiance in watts per square centimeter. ster; the following values of a, b, and ¢ were found:
a=6.7745x107%, b = 0.28101, and ¢ = 5.805x107%, and T is the temperature in centigrade to produce the
radiance value. Since the graph is plotted on a semilog scale, radiance changes and temperature variation are
dependent on the reference temperature used. In other words, different reference temperatures with the same
radiance change would produce different temperature differentials.

The surface emissivity is estimated from the steady state data using the infrared microscope. For example,
see Figure 3.9.1 where the value ranged from about 0.3 to 0.25 depending on the test conditions. Once the
measurement is made, the voltage differential between the minimum and maximum voltage is found. At this
point, the attenuation effect of the sapphire lens must be added to the voltage differential found. For this task,
Figure 3.5.9 is used. Similar curves for an emissivity less than 1.0 were available from calibration studies with
emissivity as low as approximately 0.2 for the 9310-gear steel dish without oil.

Next, the radiance change is calculated as given by the following equation (Ref. [3.4]):

AV (3.9.2)

AN = ___—
ek

where

AN radiance change, W/(cmz. ster)
AVadj adjusted voltage differential, V
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€ oil-gear surface emissivity

k manufacturer’s calibration constant (k = 9.77) for the instrument in use, (V - cm?-ster)/W

At this time, a known reference point on the gear body in close proximity to the location of the infrared
measurements is useful. In this study, the root thermocouple is used as the reference point. This thermocouple
was attached to the root surface with an adhesive (Chapter 3). Radiance changes from this temperature are given
by the following equation:

’ N_ =N_+ AN o (393)

where N is the radiance at the root temperature and AN is the radiance change due to the measured voltage
differential. Therefore, the maximum temperature T, is found by solving Equation (3.9.1) for T and substi-
tuting N, for N:

i/b
N -c¢
T = {lofélo max } (3.9.4

This procedure was used to evaluate the measured data. A reference temperature, adjusted voltage differ-
ential, and surface emissivity are necessary to change the data into engineering units.

Transient Experimental Data: The actual measured data taken with the infrared microscope are now
presented. These data were typically band-pass filtered to remove noise from the signal. This band was from
about 60 Hz to 20 kHz. Therefore, the effects of filtering the data are presented first and are shown in Figure 3.9.3.
When the signal is filtered, the output is smoother but there is also a phase shift between the once-per-tooth
signal and a given location in the measurement output. The once-per-tooth signal was generated by a proximity
probe located close to the pinion tooth top at approximately one-half the face width of the tooth. The phase
between the proximity probe and the infrared microscope was established statically by rotating the pinion shaft
until the cross hairs in the infrared microscope aligned with the tooth top midsection and then by rotating the
pinion until the proximity probe indicated that the tooth top was at a position directly above the probe. The
orientation angle between the two measurements was then known. The effect of filtering is seen in Figure 3.9.3
where the filtered data have moved in relation to the unfiltered signal.

The filtered infrared output signal is shown in Figure 3.9.4 for over one revolution of pinion rotation. From
this figure, a large spike in the infrared output is indicated once per revolution. This spike is believed to be
caused by the tooth top thermocouple adhesive coming into view each revolution. Apparently, the epoxy adhe-
sive has a much higher emissivity that produces a stronger signal output for that particular tooth. This part of
the measurement was not used for any of the data to be discussed later in this section.

At this point it is useful to relate the rotation of the pinion to the infrared output produced. A test was con-
ducted to visually determine the location on the surface that the infrared system would view as a function of
pinion rotation angle. This was accomplished by mounting a transparent plastic sheet with cross hairs (similar to
the infrared microscope) centered on the end of the inner tube of the system shown in Figure 3.5.2. Using a
protractor on the pinion shaft and rotating the pinion in 5° increments produced the result shown in Figure 3.9.5.
Also shown in this figure is a typical infrared measurement and the once-per-tooth proximity probe output. Posi-
tions 1 to 7 are shown along the infrared signal. In the figure can be seen a large negative-going spike when the
tooth top edge is approached at position 1. This spike can be attributed to the corner top edge coming into view
for the infrared microscope. There is no physical reason for the temperature to decrease this rapidly over that
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part of the tooth surface on the active profile side. Also to be noted is that the highest temperature measured
occurs at the top land midpoint. From the bulk temperature data shown in the last section, this region always
had the highest temperature. However, this position’s indicating a higher temperature than the active profile is
discussed further in Chapter 7.

The lowest part of the signal-per-one-tooth measurement is located just after position 2 (see Fig. 3.9.5).
This location will be used as the reference temperature location and the highest part of the signal will be that of
the tooth top. From the change in voltage between these two locations the infrared transient will be calculated.

To exemplify the effects of operating conditions on the infrared signal, four conditions were run for the
same setup of the infrared microscope. The band-pass filtered data are shown in Figure 3.9.6. A pencil jet
0.51 mm (0.020 in.) in diameter at an oil inlet pressure of 1.38 MPa (200 psi) and an oil inlet temperature of
57 °C (135 °F) was used for the test results shown in Figure 3.9.6. Note the voltage scale change for each of
the sets of data. The calculated infrared signal data are shown in Table 3.9.1 The calculations were made as
mentioned earlier in this section.

Note in all signals (see Fig. 3.9.6) that an active profile position was never measured far in excess of the
tooth top temperature (Table 3.9.1). Another interesting point to observe from the infrared measured output
shown in this section is that the signal had variability from tooth to tooth as well as from revolution to revolu-
tion. Probably the most reasonable explanation is that this lack of repeatability is attributed to the measurement
environment. First, the windage from the gears can remove the possibility of making the measurement. This is
due to the momentum change imparted to the lubricating oil as it impinges on the gear surface. Also, as the oil
is flung from the teeth and then impinges on the rig housing, oil droplets fall into the optical path. Even with
the amount of work done to make the most of a difficult test, the measurements made are at best only an indica-
tor of temperature differentials across a particular location of the active profile as well as the tooth top. Other
measurements that were made with the infrared microscope used a fan jet; these are presented in Table 3.9.2.
Note from Tables 3.9.1 and 3.9.2 that the calculated results for maximum temperature agreed within 7 percent
of the thermocouples over the eight cases given in these two tables.

This section has shown that making measurements in a highly reliable fashion from rotating gears is very
difficult. The bulk temperature measurement scheme has proven to be a very reliable way to generate a great
deal of information about the nonactive profile areas of the gear. Higher risk instrumentation such as thermo-
couples imbedded in the active profile or deposited by thin films would be beneficial in providing a more
thorough validation of the numerical models to follow in this work. The data generated by the infrared micro-
scope are useful in showing that temperature differentials exist across the active profile surface; however, this
measurement scheme still does not permit measurement to be made in the most desirable location where the

gear teeth are in mesh.
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TABLE 3.2.1—SPIRAL BEVEL GEAR TEST FACILITY PARAMETERS AT

FULL SPEED AND LOAD CONDITIONS

Pinion shaft speed, Ipm .. ........ ... i 14 400
Pitch line velocity, m/s (ft/min) ............. ... ... L. 44.7 (8803)
Pinion shaft power, kW (hp) ........ . ... .. 537 (720)
Test section flow rate maximum, cm*s (gal/min) . ................... 51 (0.8)
Oil inlet temperature (variable), °C (°F) ............... 38 to 189 (100 to 300)
Oil pressure maximum, MPa (psi) ............ ... it 1.38 (200)

TABLE 3.2.2—TEST SPECIMEN DESIGN PARAMETERS

Number of teeth pinion/gear .............c.ouiuiiriarenneaneannn. 12/36
Diametral pitch ... .. ...t e 5.141
Mean spiral angle, deg ... ... ... e 35
Mean cone distance, mm (IN.) ... ... ..ttt it 81.1 (3.191)
Face width, mm (in.) ... ..ottt it ittt i 25.4 (1.0)
Nominal pressure angle,deg ............. . eeiiiinn. 225
Shaft angle, deg .. ... ..ottt e e 90
AGMA Cla85 ..ottt ettt ittt 12
AGMA bending stress index, MPa (ksi) ........................ 398 (57.7)
AGMA contact stress index, MPa (ksi) .. .....covieeneeenennnn. 2406 (349)

TABLE 3.4.1—THIN-FILM LAYER INFORMATION

Layer Thickness Material
pHm | pin.
Insulating =4 | =157 | AL,O,

Thermocouple =2 =79 | Chromel-constantan
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TABLE 3.9.1—CALCULATED INFRARED TEMPERATURE FROM DATA SHOWN

IN FIGURE 3.9.6 FOR FOUR OPERATING CONDITIONS

Pinion operating conditions Voltage Adjusted Thermocouple Oil/gear Maximum
differential, | voltage, location emissivity infrared
\' A temperature?
Speed, Torque Root Top °C °F
Ipm reference
N.m | in. -1b °C °F | °C | °F
7 200 177 1567 0.040 0.050 75 | 167 | 103 | 217 0.5 104 | 219
10800 | 267 2363 097 120 118 | 244 | 146 | 295 35 148 | 298
14 400 | 267 2363 121 150 136 | 277 | 166 | 331 .35 166 | 331
14 400 354 3133 214 264 154 | 309 | 188 | 370 35 194 | 381

%From Equation (3.9.4).

TABLE 3.9.2—CALCULATED INFRARED MAXIMUM TEMPERATURE FOR TWO

JET POSITIONS AND TWO JET PRESSURES

[From Ref. [3.1] (e = 0.37).]

Jet Pinion Lubricant fan jet Adjusted Thermocouple Infrared
location operating voltage location maximum
on gear® conditions differential, temper-

Vadj ature
Speed, Torque Pressure, Flow Root Top °C °F
pm MPa reference
N.m | in.Ib cm’sec | gal/min °c | F | c| °F
A 14 400 357 3160 1.38 49 0.78 0.132 124 | 255 | 164 | 327 | 153 | 307
A 354 3133 35 25 40 170 134 | 273 | 175 | 347 | 166 } 331
B 354 3133 1.40 49 .78 A15 123 253 154 309 149 300
B 354 3133 35 25 .40 130 127 261 161 322 155 311

2A = 90° out-of-mesh on the gear.
B = 90° into-mesh on the gear.

41




Figure 3.2.1.—Spiral bevel test facility sketch.
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Figure 3.2.2.—Cross-sectional view of spiral bevel test facility.
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Figure 3.2.3.—Typical spiral bevel test hardware.
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Figure 3.2.4.—Spiral bevel gear components installed in the test stand.

Heat exchanger
Relief valve
A L 3-micron filter
/
Supply Throttle
tark valve
1 Test
i | gear
|| 3-micron Boost i ets
fifter pump
Facility lube jets
Flowmeter Facility retumn
Test lube Pressure
heater transducer
Thermocouple

Figure 3.2.5.—Lubrication system schematic.
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Figure 3.3.1.—Facility instrumentation locations for temperature and vibration.
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Figure 3.4.3.—Thin-film gage locations on active profile.
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Figure 3.4.4.—Bulk thermocouple pinion.
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Figure 3.4.6.—Photo of thin-film thermocouple pinion.
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Figure 3.5.1.—Transient temperature measurement system.
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Figure 3.5.9.—Effect of sapphire lens on transient output voltage using
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Temperature measured, °C
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Figure 3.8.1.—Fan jet design used during part of the test
program. Pencil jet tests had jet positioned in a similar
height relative to tooth top.
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Figure 3.8.7.—Comparison of pencil jet test locations on the pinion to one location
on the gear. Temperature differential is the oil inlet temperature subtracted from the
measured temperature. Oil inlet temperature range was 48 — 58 °C (118 - 139 °F),
oil jet pressure range was 1.36 - 1.43 MPa (198 - 207 psi), with 0.51 mm (0.02 in.)
diameter jet. Speed and load were 14 400 rpm and 354 Nem (3130 in.elb) respectively.
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Figure 3.8.8.—Data acquisition connection possibilities for either laboratory computer
measurement or tape recorder storage.
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Figure 3.8.9.—Data taken via a laboratory computer when instrumentation failure and
gear scoring occurred.
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10.—Active profile thermocoupled pinion after gear surface scored.

Figure 3.8,




Measurement | Symbol Load % Speed/
~ o
Thermocouple 0o condition | % Load
bulk average 1 50/50
Infrared € = .20 ® 2 75/75
200 — Infrared € = .30 v 3 100/75
Infrared e = .43 v 4 100/100
180 —
Yan Maximum direct
,/ infrared readout
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80 l [ |
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Load condition

Figure 3.9.1.—Steady state infrared microscope measurements as a function of speed
(100% = 14 400 rpm) and load (100% = 354 Nem(3130 in.elb)). Lubrication jet was
0.76 mm (0.03 in.) pencil jet located on the gear 80° before mesh.
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Figure 3.9.2.—Adjusted blackbody radiance as a function of
temperature (Ref. [3.4]).
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Figure